Wave Optics

why focusing ?

@ sensitivity !
(® angular resolution and /or precise source identification
(¥ smaller detectors give better spectral resolutions
(® lower mass detectors, cooling systems, shielding
(¥ lower data transmission and storage
(data rate used for signal rather than for noise)

but how ?

reflection
refraction
diffraction
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high energy astrophysics : 1/A irony
The performance of virtually all astronomical instruments is diffraction limited

angular resolution A ~ d/A
spectral resolution R ~ N/A

In optical astronomy : d/A = 106-107. Best angular resolutions are presently
achieved in radio astronomy ... because wave properties are actually used
rather than just presenting a limitation. VLBI over baselines (d) of up to
108-10° wavelengths => A6 = milliarcsec resolution

In high energy astronomy, even a system with an aperture of a millimeter
should produce diffraction limited angular resolutions of the order of > 109 (1
MeV), yet present instruments have allowed for

angular resolution (gamma) AB ~ 0.1°-5°
500

IA

spectral resolution (gamma) R
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focusing instruments : from total external reflection to Laue diffraction

Wolter telescopes tradl, replicated,foil optics
Lobster eye telescopes, Microchannel Plate Optics
Capillary Concentrators “polycapillaries”

Multiple reflection optics (4+)

Kirkpatrick/Baez Optics

Multilayer mirrors  Unifrom Period Multilayers
EBB Multilayers

total external reflection‘

-
)

Bragg-Lenses
Laue-Lenses broadband Laue lens

narrowband-, tunable- Laue lens

Fresnel zone plate

C
9
fd

i
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Phase Fresnel lens

0.1- 12 keV
0.1-3.0 (+) keV
1 -60 keV

1- 80 keV

20 - 100(+) keV

10 - 200 keV

100 keV - 2 MeV

<1keV->1MeV



total external reflection

total internal
reflection
of visible light

total external

vacuum n,=1

reflection
of X-ray
vacuum n; =1
N, < 1
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Snell's law

s1m9 —smﬁ

n,

no solution for
n, < n, sin 0,

Snell's law

s1m9 —smﬁ

n,

no solution for
N, < N; COS A




total external reflection

critical grazing angle 0,

0, = (4mr A2n)2 r, classical e radius
n electron density

+ high reflectivities
+ imaging capabilities
+ large bandpass
+ small 6, small (y-rays) => long focal length
- small projected reflecting surfaces
element Z d B 0. (10 keV)
C (diamond) 6 4.610° 4.510° 0.173°
Si 14 4.910°6 7.4108 0.180°
Cu 29 1.6-10° 1.9-106 0.326°
Au 79 3.010° 2.210° 0.443°

http://www.astro.caltech.edu/~george/ay20/xray-telescopes.pdf
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Wolter type | telescope

——————

~ Confocal paraboloid ca
- & hyperboloid \ ,,,,,,,,,,,

\q_‘
= -
~

-
Reflecting surfaces«/),
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Wolter telescopes

Paraboloid

Surfaces
Surfaces

Hyperholoid

L
a,
......
---------------------------------------
. ]
.............
"
........
.......
........
ay .
L
L
L

XMM mirror
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Wolter telescopes

Nested Array
of Paraboloids

RN 7/// | £,
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Nested Array of
Hyperboloids

mission no geom graz. highest
launch mirr. area  angles energy

[cm?] [arcmin] [keV]

“traditional” grazing inc. optics (e.g Zerodur)

Einstein ‘78 4 412 40-70 5
Rosat ‘90 4 1140 83-135 2
Chandra ‘99 4 1100 27-51 10

replicated optics
Exosat 2 80 90-110 2
Sax* 4*30 176
foous  NEWION 99 58 6000 18-40 10
foil optics
Asca* 120 4*558 21-45 12
Suzaku/XRT 175 4*873 12
*2 conic sections=approx. Wolter | optic (small 0)
multiple reflection optics (4 or more)
instrumentation 8



surface imperfection

domain lambda AM10

Sub-mm 0.5 mm 50 um

NIR 2 microns 0.2 um

Visible 0.5 microns 50 nm

X 1 keV 0.1 nm (~1 atome)

Gamma 1 MeV 0.1 pm (10-100 x noyau atomique)

As in an optical telescope, imperfections in the shape of the mirror degrade the
resolution.

Good optical surfaces are generally true to about A/4 (~400A).

At 10 keV (1 A), a photon has a wavelength comparable to the size of an atom,
and a mirror cannot be polished to levels less than a few atomic diameters.

Fortunately, at grazing incidence, the effective wavelength seen normal to the
mirror is A/sin(B), so graininess due to individual atoms is not a major concern.
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external reflection seen as an interference

XxCosO-xCosp=nA\
forall A=> ¢ =6
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multilayer mirrors at grazing incidence

Wolter-| telescope( parabaloid + hyperboloid )working up to ~ 100 keV

http://infocus.gsfc.nasa.gov/
http://www.srl.caltech.edu/HEFT/index.html

2dsinB=nA

|
L]
d ———
T —

several layers, d constant => narrow bandpass
d variable => largers bandpass, reduced efficiency
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Example for a multilayer mirror telescope

/W TR

Supermirror Hard X-ray Telescope

(GSFC + Nagoya)

1 = T T T
il AN
| { ¢
0.1 "\, f‘
> i““&w“ﬂ“"?;
S 0.01 |
’2 -
b
5
107 L Incident Angle 0.3 deg.
10—4 ...................
10 20 30

Energy [keV]
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Future : SIMBOLX-X, XEUS

SIMBOLX-X, formation flying mission of CNES (see talk by Ph. Ferrando)
XEUS proposed by/to ESA to succed XMM-Newton (+ 2015).

- 250 times more sensitive than XMM-Newton

- 30 m? = (50 x RXTE, XEUS-2)

- 0.05-30 keV (nominal)

2
N e >
T (S+B)

S: Source counts
(o collectring surface )

B: background counts
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Focusing Gamma-Rays - why ?

modulating aperture systems

geometric optics

aperture / effect )
absorption

Compton telescopes

guantum optics
incoherent scattering

crystal lens telescopes

wave optics
coherent scattering

aperture system

detector 3
K
Jib‘-det = -‘qml Adet = Acul Adet ?
signal 5 ~ Acol Acol Acol
background B ~ Vet ~ Adet = Acol Viet ~ Adet = Acol Viet ~ Adet << Agol
S/B const (A) const(A) Acol/Adet
Cargeése, 5 April 2006 instrumentation 14



Focus Gamma-rays : How ?

|) Refraction / Diffraction in a Fresnel Lens

real part of the refraction index for gamma-rays :

-2
_1_ - _ P E
u=1-0 where O =2x10 9(10 - _3)(]71 ’eV)

-1

_A P _E
=g 0'6(10gcm3) (lMeV) s

Cargeése, 5 April 2006 instrumentation 15



Some examples of the thickness necessary
for a phase change of 27 :

Energy 5 Transmission

<t

Plastic 6 keV 30 microns 96 %
Aluminium 100 keV 225 microns 99 %
Titanium 500 keV 0.7 mm 97 %

Absorption of layer with phase shift Pi

53
(2]
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2
=
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Focus Gamma-rays : How ?

2) Bragg diffraction in a crystal lens

diffracted flux
[110

/
1P

direct flux

n

v‘![;r" diffracted flux
080”‘ >3 010]
>d Va ‘?'}
‘4rw 20D
A7 T ‘("

VvV

2dhkl sin @ = ni Laue, Friedrich et Knipping, 1912
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Lens geometry

Cargese, 5 April 2006
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Bragg vs. Laue geometry

Bragg geometry

ol

L

Laue geometry

—

Laue geometry uses volume reflection, whereas Bragg geometry uses surface
reflection.

Bragg geometry : a beam with cross-section A would require a crystal length L
L=A/sin®g e.g. forA=1cmand ©3=0.5° => L=114cm
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calculating the reflection efficiency of a Laue lens

simplified calculation using the Darwin mosaic model :
- reflection amplitudes of each microcrystal added incoherently

- absorption is calculated on a macroscopic scale
(the absorption within each microcrystals is neglected)

The reflection efficiency at the Bragg energy as a function of Bragg angle 6 is:
rn(0) = 0.5( 1-e2«T) (evl)

uw Absorption coefficient (T crystal thickness)
. F2)3 p5/3
o(0) diffraction coefficient : o(0) ~ VZsin(20) ~7

F : structure factor F[hkl=333] << F[hkl=111]

The reflection efficiency decreases with increasing energy and order,
and with decreasing structure factor.
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the optimal thickness for a diffraction crystal (E)

/

—— & ——

==

thin crystal

thick

=

crystal

optimal thickness - energy dependent !
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the crystal diffraction efficiency for Ge [440] planes

0.6 ——

0.5 |

0.3

diffraction efficiency

0.2

0.1 f

0.4 |

100 keV

200 keV

500 keV

1000 keV
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1 1.5 2 2.5

crystal thickness [cm]

instrumentation

22



Diffraction efficiency of Ge crystals

ettt Kohnle et al 1998
' (220), no abs. ‘
A

0.5 —
0.4 [(111), no abs. ’ —
r ______________Q____________\O______ o
0.3 (111), T=3mm * . . _

- (220), T=10mm

diffraction efficiency

0.1f

o-lllllllllllllllllllllllllllllllllllllll
150 200 250 300 350 400 450 500 550

photon energy [keV]

APS / ANL synchrotron beam (~ parallel, divergence = 3”)
diffraction efficiency : ratio of doubly diffracted / singly diffrated flux
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CLAIRE : tests in the lab ... and beyond

1000 : T T T T T T
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CLAIRE TGD : a source close to infinity ...

205 m

2,77 m

| -|/L€Iltﬂle Y Faisceau X

Détecteur Ge
LA |

\ Collimateurs plomb
Générateur
X

A .
Systeme

‘ - .

— d'acquisition

15m

instrumentation

Cargese, 5 April 2006






CLAIRE 2001 : first light for an astrophysical source

0.005 ! ' ! : | : ' U Dane do wacs : 2003051071 45653 UTC | !
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. . Expoesigon : £357.09 5
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CLAIRE : 14 m, 22.5 m, 205 m ... infinity ! €, 3y = 10 %
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the energy bandpass AE and field of view A6

perfect monocrystal

mosaic Ciystai AE / AB
===
—= %%
i—-E: [ —
—
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tuning the lens ...

Cargese, 5 April 2006
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the principle of a tunable Laue Lens

diffracting crystal |game
. N
ni{ = 2dsin0

261

detector L
fq -
— E1 = E2
i . frame
ni2 = 2dsinBs
+2 = hel/Esz
detector|——

Cargese, 5 April 2006
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everything about nothing or nothing about everything

Narrow band Laue Lens:
Each ring uses different set of crystal planes

radius r
d(r)
E fix

Broad band Laue Lens:
All rings use same set of crystal planes

radius r
d fix
E(r)
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designing a Laue lens telescope - efficient area |

ol o

e

Effective area far MAX's low enargies rings - Perfect pointing

I
11 rirgs: J
+ 2 Ga111] (63,2 = r = 64.75 cm)
=8 Cul111] |E-E.Es~¢r-:|11.25¢ﬂ:}

crystals size : 1.5x1.5x1 cm?
Mosaicity 307 Ty = 100 pm B
Focal length : B6 m

AWmen) 1.}"1.1_,[.‘11 ﬁﬁi“{dﬁ,-ul I]iin'i-w r\'-MN.HLMnL

' Jrr}f J}t Jw. r =}{ }«y Mi -
.;' Vi .)K T "k
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designing a Laue lens telescope - efficient area |

Effective area for MAX's high energies rings - Parfect pointing
T ¥ T T T T T
13 rings: crystals size © 1.5%1. 50 cm®
4 Cul111] {blusa), r = 57.0 - 61.5¢cm Momsiicity 307 T m 100 pm
& Cu200] fred), r = 66,3 - 74.05 cm Focal length : 86 m
3 Gaf311) (grean), r = 75,8 -78.7 ¢m Filling Lactor w 96%

&

Erfectiua araa [cmE]
g

Barriarg Nicolas, b 1770372004
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Mission requirements for a Gamma-Ray Imager

Energy banad 50 keV - 2 MeV
FOV 30 arcmin

Continuum sersitivity 10:8 ph cm2 s:! keV-1 (108 s, 3s)

Eneray resolutig/ M Qx (v 2 ke\V @ 600 keV

Angular reselution arcmin

Polarisation 1 9% @ 10 mCrab (10° s, 3s)
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